The apolipoprotein (apo) AI/CIII/AIV/AV cluster genes are expressed at different levels in the liver and intestine. The apoCIII enhancer, a common regulatory element, regulates the tissue-specific expression of apoAI, apoCIII, and apoAIV but not apoAV. To study this regulation at the chromatin level, the histone modifications and intergenic transcription in the human apoAI/CIII/AIV/AV cluster were investigated in HepG2 and Caco-2 cells and in the livers of transgenic mice carrying the human gene cluster constructs with or without the apoCIII enhancer. We found that both the promoters and the intergenic regions of the apoAI/CIII/AIV genes were hyperacetylated and formed an open subdomain that did not include the apoAV gene. Hepatic and intestinal intergenic transcripts were identified to transcribe bidirectionally with strand preferences along the cluster. The deletion of the apoCIII enhancer influenced both histone modification and intergenic transcription in the apoAI/CIII/AIV gene region. These results demonstrate that the apoCIII enhancer contributes to the maintenance of an active chromatin subdomain of the apoAI/CIII/AIV genes, but not apoAV.
The apolipoprotein (apo) 3 AI/CIII/AIV/AV gene cluster includes some of the most important genes involved in lipid metabolism. Overexpression of apoAI or apoAIV increases cholesterol in plasma high density lipoprotein and protects against atherosclerosis (1) . The apoCIII and apoAV genes have predominant but opposite roles in triglyceride homeostasis (2, 3) . The aberrant expression of these apolipoprotein genes may lead to cardiovascular diseases, such as dislipidemia and atherosclerosis.
The human apoAI/CIII/AIV/AV gene cluster is located on chromosome 11q. 23 . The apoAI, apoCIII, and apoAIV genes are arranged in a 17-kb region in tandem, whereas apoAV is 28 kb downstream from the apoAIV gene (4, 5) (Fig. 1) . The transcriptional direction of the apoCIII gene is opposite to that of the other three apo genes (6) . The expression of the apoAI cluster genes displays distinct hepatic and intestinal specificity. ApoAI and apoCIII are expressed mainly in the liver and to a lesser extent in the intestine, whereas apoAIV is synthesized predominantly in the intestine and to a much lesser extent in the liver. ApoAV is only expressed in the liver (4) . Previous reports have demonstrated that the expression of apoAI, apoCIII, and apoAIV in the liver and intestine is controlled by the apoCIII enhancer, which is located at the Ϫ890/Ϫ490 region of the apoCIII gene (7) . Complex interactions between nuclear receptors bound to hormone response elements of the apoAI, apoCIII, and apoAIV promoters and SP1 on the apoCIII enhancer contribute to the tissue-specific expression of these apo genes (8) . Recent results showed that similar nuclear receptors (HNF4, ROR␣, FXR, and PPAR␣) could also bind to the apoAV promoter as well as to other apo genes (9 -11) . However, our previous results from transgenic mice demonstrated that the apoCIII enhancer deletion had no obvious effect on the expression of apoAV (12) .
As a key component of epigenetic regulation, histone modifications such as acetylation of histone H3 and H4 and methylation of histone H3 on Lys4 have been proven to correlate with the active chromatin structure. Histone acetylation and trimethylation of histone H3K4 (H3K4me3) usually denote active transcription, whereas dimethylated histone H3K4 (H3K4me2) has been characterized by modifications associated with a transcriptionally permissive chromatin (13) (14) (15) (16) . The local active chromatin modifications in the promoter region are necessary for recruiting the transcription initiation complex to activate transcription. Moreover, it has been shown that the intergenic regions between the locus control region (LCR) and the promoters of some gene loci are also hyperacetylated, forming an active chromatin subdomain (17, 18) . This loose chromatin structure may facilitate an enhancer communicating with promoters at long range. Previous studies have also indicated that the extensively opened chromatin structure may be correlated with intergenic transcription (18 -22) , suggesting a potential relationship among remote regulatory elements, chromatin remodeling, and intergenic transcription (23) . Because the LCR is a complex and long range enhancer, it is interesting to know how the 400-bp apoCIII enhancer regulates the liver-and intestinespecific expression of the apoAI, apoCIII, and apoAIV genes but not apoAV at the chromatin level.
In this study, we investigated chromatin modifications in the apoAI/CIII/AIV/AV gene cluster and the effect of the apoCIII enhancer in this process. We report that the apoAI/CIII/AIV genes form an extensively opened subdomain that does not include the apoAV gene, and the apoCIII enhancer regulates both the chromatin modification and the intergenic transcription of the apoAI/CIII/AIV region. Liverand intestine-specific intergenic transcripts were transcribed bidirectionally with predominance from one strand, suggesting that there may be multiple transcription initiation sites in the chromatin template.
EXPERIMENTAL PROCEDURES
Cells-HepG2, HeLa, and K562 cells were cultured in Dulbecco's modified Eagle's medium (Hyclone, Logan, UT) supplemented with 10% fetal bovine serum (Hyclone). Caco-2 cells were maintained in modified Eagle's medium with nonessential amino acids (Hyclone) supplemented with 20% fetal bovine serum and 1% sodium pyruvate at 37°C in a humidified incubator containing 5% CO 2 .
Mice-Human bacterial artificial chromosome (pBeloBAC 11 (286I4)) containing human apoAI/CIII/AIV/AV gene cluster (GenBank TM registration sequence AC007707 72491-188971) was screened and maintained in our laboratory. The apoCIII enhancer region-deleted (114824 -115126 of AC007707) BAC clone was derived from the wild-type BAC clone 286I4 by temperature-sensitive shuttle vector-mediated homologous recombination (12) (Fig. 1) . Intact transgenic lines carrying the 116-kb human apoAI/CIII/AIV/AV gene cluster and mutant transgenic lines carrying cluster with the apoCIII enhancer deletion were generated by BAC and maintained in the Peking Union Medical College animal facilities.
Chromatin Immunoprecipitation-ChIP assay for histone modification was carried out as described previously (24) . Briefly, 5ϫ10 7 cells of Caco-2, HepG2, and HeLa cells were cross-linked with 0.6% formaldehyde for 10 min at 37°C. The livers of 4 -5-week-old transgenic mice were isolated and disrupted separately in phosphate-buffered saline to prepare a single cell suspension. After passage through a 21-gauge needle, the cells were washed twice with cold phosphate-buffered saline and cross-linked immediately. The nuclei were sonicated to 100 -500-bp fragments. The chromatin was immunoprecipitated using anti-acetylated histone H3 (06-599; Upstate), antidimethylated histone H3K4 (07-030; Upstate), anti-histone H3 (ab1791; Abcam), or rabbit IgG (sc-2027; Santa Cruz). The bound chromatin was diluted in parallel to the input DNA. The primers used in the ChIP assays are listed in Table 1 .
Semi-quantitative PCR of input and bound chromatin was performed with Ͻ10 ng of DNA as a template in a total volume of 25 l with the appropriate primer. PCR products were resolved on 1.5% agarose gels containing ethidium bromide and quantified by Gene Tool software (Syngene). All of the PCRs were performed at least three times and averaged.
RNA Isolation, RT-PCR, and Real Time PCR-HepG2, Caco-2, K562, and HeLa cells or the livers, the intestines, and the lungs of 4 -5-week-old transgenic mice were used for extracting RNA. RNA isolation was performed by TRIzol (Invitrogen) according to the manufacturer's instructions. Isolated RNA was treated with RNase-free DNase I (Takara) to remove DNA contamination. The RNA was then reverse transcribed, and control reactions without avian myeloblastosis virus reverse transcriptase were performed as described according to the manufacturer's instructions (Promega).
Semi-quantitative RT-PCR was carried out on RNA samples from Caco-2, HepG2, HeLa, and K562 cells in parallel with identical control PCRs in increasing concentrations. Species-specific primers were designed in the exons of human apoAI, apoCIII, apoAIV, and apoAV genes. Primer pairs 3P, I31-188, I43-259, I54 -310, and I54 -319 used in the ChIP assays are listed in Table 1 , and primer pairs I43-158, U5-224, and U5-324 are listed in Table 2 . The intensity of the amplicon on the ethidium bromidestained agarose gel was quantified with Gene Tools software (Syngene).
Real time PCR was carried out on RNA samples from the livers and intestines of the intact and mutant apoAI gene cluster transgenic mice. Mouse glyceraldehyde-3-phosphate dehydrogenase acted as an internal control. DNA amplification was carried out in the Applied Biosystems 7500 Real-time PCR System. Thermocycle was initiated by incubating the mixtures at 95°C for 10 min to denature genomic DNA and to activate AmpliTaq Gold DNA polymerase. This was followed by 40 cycles of two steps of 95°C for 15 s and 60°C for 1 min. The fluorescence intensity was measured during the step at 60°C. The primers used in real time PCR were I31-188, I43-158, I54 -140, AV-76, CIII-62, and mGapdh-105 listed in Tables 1 and 2 .
Determination of Transcript Orientation-The orientation of the noncoding transcripts was identified as reported previously (25) . Briefly, 2 g of HepG2 RNA was reverse transcribed with strand-specific primers prior to PCR amplification with site-specific primers (Tables 1 and 2 ). PCR-generated cDNAs from the strand-specific analysis were separated on 1.8% agarose gels and then hybridized with 32 P-labeled probes generated by the same sets of PCR primers from the BAC templates. Each band was quantified by Gene Tools software (Syngene). The apo BAC plasmid DNA was used as the control template to normalize the PCR efficiency of each primer set. Serial dilutions of the apo BAC plasmid DNA (80 ng to 0.08 pg) were assayed to determine the linear range for the PCR amplification. Because 0.008 ng of BAC template fell within the linear range of the RT-PCR signals from each primer, the RT-PCR signal levels were normalized to the PCR signal levels from 0.008 ng of apo BAC plasmid DNA generated with the same set of primers (C; BAC control) and were calculated in arbitrary units.
Statistical Analysis-To compare the results between the apoCIII enhancer deleted transgenic mice and the intact apoAI gene cluster transgenic mice, the histone modification levels were analyzed by Student's t test.
RESULTS

apoAI, apoCIII, apoAIV, but Not apoAV, Formed a Chromatin Subdomain with High Levels of Histone H3 Acetylation and
H3K4 Dimethylation-The presence of histone H3 acetylation and histone H3K4 dimethylation in both the promoters and the intergenic regions in HepG2 and Caco-2 cells was detected by ChIP. The locations of the evaluated sites and primers are shown in the schematic map in Fig. 2A . The input DNA of three cell lines was normalized and verified by PCR gradient (Fig. 2B) . All of the PCR primers used in this study were optimized to obtain appropriate PCR condition, in which the signals of PCR products were proportional to the amount of input DNA in the PCRs (Fig. 2C) . HeLa cells without apo gene expression served as a negative control (Fig. 2D) . Input DNA was used to calibrate the primer efficiency. Human histone H3 was used as an internal control (Fig. 2D) .
The ChIP results showed that the total histone H3 was distributed on the apoAI gene cluster with similar levels in all three cell lines. However, significant histone H3 acetylations were found in the promoters and the intergenic regions of the apoAI, apoCIII, and apoAIV genes, forming a hyperacetylated chromatin subdomain in both HepG2 and Caco-2 cells but not in HeLa cells (p Ͻ 0.05) (Fig. 2E) . As to the apoAV gene, a high level of histone H3 acetylation was detected downstream from the transcription initiation site in HepG2, whereas a low level was detected in the apoAV nonexpressing Caco-2 cells. Furthermore, relatively low levels of the histone H3 acetylation were found in both cell lines at two intergenic regions: one site just downstream from apoAIV (I54 -250 and I54 -319) and a second in the middle of the apoAV-AIV region (I54 -310). These results indicated that the apoAV gene was separated from the acetylated chromatin subdomain of the apoAI/CIII/AIV genes in the cluster (Fig. 2E) .
H3K4me2 was found through the apoAI gene cluster in both HepG2 and Caco-2 cells (Fig. 2F) . In addition to the identified hyperacetylation sites, the intergenic regions of apoAV-AIV in both HepG2 and Caco-2 cells and the apoAV promoter region in Caco-2 cells were also characterized by high H3K4me2 modifications. These results are consistent with the reports that histone H3K4me2 is present on active or inactive (poised) genes (15, 26, 27) . Interestingly, a much lower histone H3K4me2 modification site was identified downstream from the apoAIV gene (I54 -250 and I54 -319), and this was similar to the pattern of the histone H3 acetylation. This extremely low H3K4me2 modification site appears to be a boundary between apoAV and the apoAI/CIII/AIV genes (Fig. 2F) .
The apoCIII Enhancer Deletion Decreased Histone H3 Acetylation and H3K4 Dimethylation of the apoAI/CIII/AIV Genes but Not apoAV in Transgenic Mice-The results from cells showed that histone modification profiles of the apoAI gene cluster correlated well with its liver-and intestine-specific expression pattern. To test whether the apoCIII enhancer participates in regulating the chromatin modification, we performed ChIP assays on the liver of the apoAI gene cluster transgenic mice with low copy numbers (1 or 2 copies), including the two intact human apoAI gene cluster transgenic lines of T2 and T4 and the two apoCIII enhancer deleted transgenic lines of M3 and M4. The human apo genes exhibited an integrated position-independent and a closer approximation of copy numberdependent expression pattern in the intact apoAI cluster transgenic mice (12) . It has been shown that the expression of apoAI, apoCIII, and apoAIV, but not of apoAV, was clearly decreased in the apoCIII enhancer deleted transgenic mouse lines (12) . We compared the histone modification level in the liver between the intact (T2 and T4) and the mutant transgenic mouse lines (M3 and M4). As shown in Fig. 3C , high levels of histone H3 acetylation were restricted to the apoAI/CIII/AIV region, similar to that in HepG2 cells. One additional site (5Pn) located within 500 bp upstream from the apoAV transcription initiation site was analyzed (Fig. 3A) . The result showed that the apoCIII enhancer deletion decreased the histone acetylation level in both the promoters and the intergenic regions of the apoAI/CIII/AIV genes (p Ͻ 0.05) but did not affect the modifications in the apoAV promoter (Fig. 3C) .
At the same time, the histone H3K4 dimethylation pattern of the apoAI gene cluster in transgenic mice was similar to that in HepG2 cells. The histone H3K4 dimethylation level in the apoAI-apoCIII region, but not in the apoAV promoter region, was also decreased (p Ͻ 0.05) in the apoCIII enhancer deleted transgenic mice (Fig. 3D) . Taken together, these results demonstrate that the apoCIII enhancer mediates the extensive histone modification of the apoAI/CIII/AIV genes in vivo but not that of the apoAV gene.
The apoCIII Enhancer Deletion Decreased the Expression of Intergenic Transcripts of the apoAI/CIII/AIV Genes in Transgenic Mice-
The studies from gene loci with LCR have shown that there are correlations between the intergenic transcription and the extensively hyperacetylated chromatin domain (19, 28) . Using RT-PCR and real time PCR, hepatic and intestinal specific intergenic transcripts were identified on the apoAI/CIII/ AIV/AV gene cluster in HepG2 and Caco2 cells, as well as in the livers and the intestines of transgenic mice (Fig. 4) . The intergenic transcripts at 2 and 2.5 kb downstream from the apoAV gene (U5-342 and U5-224) were identified even in apo gene nonexpressing HeLa and K562 cells, suggesting that the intergenic transcription beyond the apoAI gene cluster has no hepatic and intestinal specificity. In addition to intergenic transcripts in the apoCIII-AI, apoAIV-CIII, and apo AV-AIV regions, we also identified one in the apoCIII promoter. Furthermore, the expression pattern of intergenic transcripts seemed to be in accordance with the distribution of dimethylated histone H3K4 in the apoAI gene cluster.
To determine the role of the apo-CIII enhancer in intergenic transcription, we compared the levels of intergenic transcripts in livers and intestines of the intact and mutant apoAI cluster transgenic mice (Fig.  5) . It has been shown, by RNase protection assays, that the transcription level of apoCIII, but not apoAV, was lowered in the apoCIII enhancer deleted transgenic lines, M3 and M4 (12) . In this study, we further confirmed these results by real time PCR. More importantly, we found that the expression levels of intergenic transcripts I31-188, I43-158, and I54 -140 (located just downstream from the apoAIV gene) were much lower in the liver and intestine from the mutant lines than those from the intact lines (Fig. 5) . These results indicate that the apoCIII enhancer also regulates the intergenic transcription in the apoAI/CIII/AIV region.
Intergenic Transcripts Were of Biorientation with Dominating in One Strand-We used strand-specific RT-PCR combined with Southern blot to determine the orientation of these intergenic transcripts (Fig. 6) . The BAC 286I4 containing the human apoAI gene cluster was used to normalize the cDNA quantity. Compared with the apoAI and apoCIII expression, the levels of intergenic transcripts were much lower (Fig. 6) . Intriguingly, these transcripts could be detected from both strands. Each region analyzed showed a strand preference for transcription from one strand or the other, suggesting that these transcripts may have originated from multiple sites. We found that the exons of apoCIII and apoAI genes were also transcribed from both strands but predominated from the coding strand (Fig. 6) . The primer pairs of I54, I43, and I31 represent the sites in the intergenic region of apoAV-AIV, apoAIV-CIII, and apoCIII-AI, respectively. The primer pairs of U5 represent the site in the intergenic region between apoAV and ZNF259. B, intergenic transcripts of the apoAI gene cluster were expressed specifically in HepG2 and Caco-2 cells. C, intergenic transcripts of the apoAI cluster were expressed specifically in the liver and the intestine of transgenic mice. ϩ and Ϫ represent the reverse transcription with or without avian myeloblastosis virus reverse transcriptase. The ladder for DL2000 marker is 100, 250, 500, 750, 1000, and 2000 bp, respectively (low to high).
DISCUSSION
In this study, we investigated the role of the apoCIII enhancer in regulating the liver-and intestine-specific expression of apoAI, apoCIII, and apoAIV but not apoAV, at the chromatin level. Our results indicate that the apoCIII enhancer participates in modulating the histone modification and the intergenic transcription of the apoAI/CIII/AIV chromatin subdomain instead of regulating these apo genes separately. Meanwhile, the apoAV gene is not included in the apoAI/CIII/AIV subdomain.
It is well established that the transcriptional regulation of the enhancer is mediated by the specific interaction between regulatory elements and transcription factors, as well as by the interactions among transcription factors. In the apoAI cluster, there are some important nuclear factors, such as HNF4 and Sp1, binding to the enhancer and each promoter of the apo genes. The apoAV promoter could bind similar nuclear receptors as other apo genes do in the cluster (9 -11) . Furthermore, our results showed that the apoAV promoter activity increased about five times when the promoter was close to the apoCIII enhancer in vitro (data not shown). All of these observations suggest that the apo-CIII enhancer may regulate the expression of apoAV. However, our previous data demonstrated that the apoCIII enhancer deletion had no obvious effect on the apoAV gene expression in transgenic mice (12) . In this study ChIP analysis showed that, in the apo gene expressing HepG2 and Caco-2 cells, broad histone H3 hyperacetylations were found in both the promoters and the intergenic regions of apoAI/CIII/ AIV, and this modification did not extend to the apoAV gene, indicating that the apoAV gene was separated from the apoAI/CIII/AIV chromatin subdomain (Fig. 2) . The extensively acetylated subdomain in the apoAI/CIII/AIV region may make the chromatin flexible, thus providing the opportunity for interactions between the apoCIII enhancer and the apoAI and apoAIV promoters (29) . CBP/p300, the cofactor of HNF4 and Sp1, exhibits histone acetyltransferase activity, suggesting that the apoCIII enhancer could specifically recruit factors to achieve histone acetylation (30 -32) . By comparing the histone acetylations of the apoAI gene cluster in the liver of transgenic mice, we found that these modifications were decreased significantly in the promoters and the intergenic regions of the apoAI/CIII/AIV genes, but not of the apoAV gene region, after apoCIII enhancer deletion (Fig. 3 ). These results demonstrate that the apoCIII enhancer regulates the transcription of apoAI, apoCIII, and apoAIV, partially by maintaining an extensive histone modification pattern. The communications between the apoCIII enhancer and the promoters are conducted by physical interactions between protein-protein interactions and protein-DNA interactions, possibly via a looping mechanism (8, 33, 34) . Using a modified chromosome conformation capture method, we determined the spatial organization of the apoAI gene cluster and did not detect an interaction between the apoAV promoter and the apoCIII enhancer. Note that although the apoCIII enhancer deletion dramatically reduced the expression of the apoAI, apoCIII, and apoAIV gene (12) , it lowered the histone H3 acetylation and H3K4 dimethylation level significantly but less markedly (one-half to one-third). This indicates that other factors may participate in the chromatin opening process. Developmental associated intergenic transcription and extensively opened chromatin structure have been observed in the globin gene cluster (19) . It has been verified in the human growth hormone locus that the intergenic transcription in LCR plays a direct role in the hGH-N gene expression (25) . In this study, intergenic transcripts of the apoAI gene cluster were detected specifically in the hepatic and intestinal cells, suggesting that they may participate in regulating the expression of the apo genes. Our data indicated that the distribution of intergenic transcripts was in accordance with the regions marked with H3K4me2. This result supports the idea that histone methylations may be involved in a process of transcriptional elongation (35) . It has been shown that Set1, a H3K4 methylase, is also a component of the RNA pol II elongation complex (36) . Thus, the transcriptional elongation process may provide more opportunities for transcription factors to bind to the intergenic region then to mediate histone modifications and open the chromatin broadly. Consistent with the ChIP data, real time PCR results showed that the deletion of the apoCIII enhancer clearly down-regulated the intergenic transcripts level in the apoAI/CIII/AIV region, confirming that the apoCIII enhancer regulates the whole apoAI/CIII/ AIV chromatin subdomain.
We found that the intergenic transcription in the apoAI/CIII/ AIV gene region was bidirectional, dominating from one strand. These results were consistent with the observation from human growth hormone that the transcription in the LCR region was also bidirectional (25) . This indicates that the promoters of apo genes are not the only sites for starting transcription. Previous data showed that the apo-CIII enhancer had the potential to initiate transcription (37) . In this study we identified a transcript at the apoCIII promoter. In the ␤-globin gene cluster, it has been reported that the intergenic transcription and histone acetylation is dependent on the HS2 enhancer (22) . The HS2 enhancer complex tracks along the intervening DNA, synthesizing short, polyadenylated, intergenic RNAs to ultimately loop with the ⑀-globin promoter (38) . Because enhancers and promoters are active sites undergoing various chromatin modifications (39), the transcription initiation complex, including the transcription factors and RNApolII, may get access to multiple sites along an "open" apoAI gene cluster. Thus, the apoCIII enhancer deletion may reduce the recruitment of transcription factors to the chromatin domain. This would then reduce the initiation of intergenic transcription. It also reduces the histone modifications relative to chromatin opening.
From the ChIP data, it is shown that H3K4me2 was enriched in the region with low H3 acetylation level, supporting the previous observation that H3K4me2 was the epigenetic marker for euchromatin (40) . It was enriched broadly across active or poised chromatin (15, 27) . Interestingly, we also identified an extremely low local H3K4me2 modification site downstream from the apoAIV gene. Note that the histone H3 acetylation level in the intergenic region of apoAV-AIV is low. This forms a relatively sharp edge of the apoAI/CIII/AIV chromatin subdo-FIGURE 6. Bidirectional transcriptions along the apoAI gene locus with strand preferences. Each RT reaction was performed using a sense or an antisense specific primer from the relevant amplimer set (as in Fig. 4 ). Strand-specific RT reactions were followed with PCRs corresponding to the primer sites indicated above. The results were quantified by Southern blot hybridization with unique sequence probes and calculated. The results are shown as the means Ϯ S.D. of at least three independent PCRs. Representative data for the transcriptional orientation are shown at the bottom of the histogram. Amplification products are shown in the presence (ϩ) and absence (Ϫ) of reverse transcriptase, and the polarity of the initial strand-specific RT primer, antisense (A) or sense (S), is indicated. The control PCR was optimized into linear amplification range, and 0.008 ng of apo BAC plasmid DNA was used as the template (C) for determining the relative levels of antisense and sense transcripts along the apoAI gene cluster.
FIGURE 7.
A model for transcriptional regulation of the apoAI gene cluster by the apoCIII enhancer. The apoCIII enhancer controls the expression of the apoAI, apoCIII, and apoAIV genes by maintaining an extensively opened chromatin structure. The tracking process of intergenic transcription plays an important role in mediating the enhancer's function. The apoAV gene is separated from the extensively opened apoAI/CIII/AIV subdomain and not regulated by the apoCIII enhancer. Specific chromatin structure downstream from the apoAIV gene may insulate the apoAV gene from the apoCIII enhancer. The red ellipse represents the complex on the apoCIII enhancer. The orange circle represents the transcription complex on promoters. The arrows indicate the transcriptional orientation. The solid arrows indicate the predominant transcriptional orientation, whereas the dashed arrows mark the opposite strand transcription. The blue box represents a potential insulator, where both the histone H3 acetylation and H3K4 dimethylation level were much lower.
main, which suggests that a specific chromatin structure keeps the apoCIII enhancer from regulating the apoAV gene expression. Congruent with the histone modification pattern, a site characterized by palindromic AT-rich repeats has been identified downstream from the apoAIV gene. This cruciform structure, formed by self-folding, could mediate translocation (41, 42) . We speculate that the special structure near the 3Ј end of the apoAIV gene may insulate the apoCIII enhancer from the apoAV gene or hamper the tracking process from the apoCIII enhancer.
Collectively, the apoCIII enhancer is involved in maintaining an active chromatin subdomain in the apoAI/CIII/AIV region. However, the apoAV gene is separated from this broadly opened chromatin subdomain and thus cannot be regulated by the apoCIII enhancer (Fig. 7) . This study provides the chromatin level evidence that the apoCIII enhancer regulates the expression of the apoAI, apoCIII, and apoAIV genes but not apoAV. These findings shed new light on the mechanisms whereby the tissue-specific expression of the apoAI gene cluster is regulated and may provide new options for therapeutic intervention in dyslipidemia.
